Spatially resolved two-dimensional maps of the relative CF 2 density in low-pressure radio-frequency Ar/CF 4 /O 2 discharges generated within a parallel-plate Gaseous Electronics Conference reference cell have been obtained using planar laser-induced fluorescence imaging. The experiments cover a wide range of pressure, composition, flow rate, and power deposition conditions ͑13.3-133.3 Pa, 1%-100% CF 4 , 1%-10% O 2 , 5-100 sccm, 3-35 W͒. Typically, the centerline (r ϭ 0) axial CF 2 distribution was symmetric with the local peak occurring near the center of the electrode gap, but, in all cases, significant radial variations in CF 2 density were observed ͑14%-45% standard deviation from the mean͒ with the peak density occurring near the edge of the discharge region. Varying the pressure led to significant changes in both the magnitude and spatial distribution of CF 2 density, while varying the composition, flow rate, and power primarily affected only the magnitude of the CF 2 density, with only modest changes in the spatial distribution. Based on image-averaged comparisons, the CF 2 density increased with power, pressure, and CF 4 mole fraction, decreased with addition of oxygen, and varied nonmonotonically with flow rate.
I. INTRODUCTION
Low-pressure radio-frequency ͑rf͒ plasma etching of silicon dioxide with CF 4 -based chemistries is used extensively during the manufacturing of microelectronic integrated circuits. 1, 2 Despite their widespread use, the physical and chemical phenomena which determine the behavior and the resulting etching performance of these plasmas are not fully understood. With regard to the gas-phase chemistry, for example, a great deal of experimental 1, 2 and, to a lesser extent, modeling research 2 as been conducted to improve the understanding of these plasmas, but detailed comparisons between modeling and experiment have been limited. Species measurements have been made by a number of techniques, but typically these have been limited to single-point, line-ofsight, or one-dimensional ͑1D͒ spatial profile measurements within the glow region of the plasma. As two-dimensional ͑2D͒ modeling becomes more widespread, a more extensive experimental data base will be necessary for benchmarking and verification of these plasma chemistry models.
In previous studies, we used planar laser-induced fluorescence ͑PLIF͒ imaging to map the argon metastable density field in low-pressure argon and argon/molecular discharges. [3] [4] The purpose of this study is to extend those PLIF measurements to map the spatially resolved, 2D CF 2 density field in Ar/CF 4 /O 2 etching plasmas generated within a Gaseous Electronics Conference ͑GEC͒ rf parallel-plate reference cell. 5 The CF 2 radical is an important species in halocarbon plasmas because it influences the balance between polymer deposition and etching, and hence selectivity, in silicon/silicon dioxide etching applications. 1, 2 As a result, a number of previous experimental studies have reported 1D measurements of CF 2 density using mass spectrometry, 6 infrared diode laser-absorption, [7] [8] [9] [10] and laser-induced fluorescence, [11] [12] [13] [14] [15] [16] [17] [18] [19] but, to our knowledge, the present results are the first complete 2D measurements of CF 2 density in any reactor. In addition to yielding information on the relative magnitude of CF 2 concentration at various conditions, these measurements are of interest because they provide insight into the plasma uniformity through 2D visualization of the CF 2 spatial distribution. These detailed spatial distributions, which were obtained from the well-defined GEC cell reactor, should provide a useful data source for validation of multidimensional models.
In the following paragraphs, we briefly describe the experimental setup and then present contour maps of the spatially resolved CF 2 concentration as a function of power, feed gas composition, flow rate, and pressure in CF 4 /O 2 /Ar plasmas. In addition, we examine the axially averaged and image-averaged measurements for a number of cases to illustrate the large-scale changes in the radial distribution and overall magnitude of the CF 2 concentration. For completeness, we also report results of a Fourier analysis of electrical measurements obtained during these experiments, including the amplitude of the voltage and current wave forms and their relative phase difference, the dc self-bias voltage, and the power deposited into the plasma. 
II. EXPERIMENTAL DETAILS
The experiments were conducted using a capacitively coupled, parallel-plate, asymmetrically driven GEC cell, which has been described in detail previously 5 and is shown schematically in Fig. 1 . Briefly, the stainless steel reactor used here has 10.2-cm-diam aluminum water-cooled electrodes with a 2.25 cm separation. The lower electrode was powered with a 13.56 MHz supply coupled through a matching network and isolating rf filter. The upper electrode and the chamber were grounded. Voltage and current wave forms were measured with probes located at the base of the powered electrode ͑after the matching network͒ using a digitizing oscilloscope, and saved to a laboratory computer for later analysis. To determine the actual voltage, current, and power supplied to the plasma, these measured wave forms were Fourier analyzed and corrected for cell parasitics. 20 The feed gas mixture is introduced through the upper electrode via a showerhead arrangement of holes. The feed gas then flows radially and symmetrically out of the discharge region and is removed from the chamber via a feedback-controlled throttle valve and mechanical pump. During these experiments, the flowrate was varied over 5-100 sccm and the pressure was varied over 13.3-133.3 Pa ͑100-1000 mTorr͒.
Spatially resolved 2D images of CF 2 relative concentration were obtained using PLIF imaging. The experimental setup and technique are similar to our previous studies, 3,4 so we only briefly describe review the details here; for additional information on LIF measurements in glow discharges and PLIF imaging in general, we refer the reader to Refs. 21 and 22, respectively. In this study, a quadrupled Nd:YAG laser sheet ͑266 nm, 10 ns, ϳ0.3 mJ, ϳ1 cm Ϫ1 , 5 mmϫ25 mm͒ was used to illuminate the central vertical plane of the discharge and excite transitions in the A(0,2,0)←X(0,1,0) band 23 of CF 2 . The resulting broadband laser-induced fluorescence ͑300-400 nm͒ was imaged at a 90°angle to the illumination plane with an intensifier-gated, cooled CCD camera using an f /4.5 lens ͑see Fig. 1͒ .
While acquiring images, a 300 nm long-pass filter was used to reject laser scattering and a colored-glass filter was used to reduce the visible plasma emission reaching the camera. The CF 2 fluorescence images were obtained by temporally averaging ϳ1000 laser shots with an ϳ300 ns intensifier gate width, and spatially averaging over 2ϫ2 pixels to improve the signal-to-noise ratio. The imaged region included approximately one-half of the discharge, extending from the centerline to ϳ1 cm beyond the right edge of the electrodes. The spatial resolution of these measurements was determined by the laser sheet thickness ͑ϳ5 mm͒ and the imaged dimensions of the camera pixels in the object plane ͑ϳ0.2ϫ0.2 mm͒.
In reducing the raw fluorescence data, the plasma emission was first subtracted and then the images were normalized for spatial variations in laser energy and detector response. No corrections for fluorescence yield were necessary, because, as in previous studies, 12 no significant differences in the fluorescence decay time were observed for the conditions examined here. The fact that no quenching corrections were necessary here indicates that the spontaneous emission rate dominates the electronic quenching rate of CF 2 ͑for the major species in the plasmas examined here, i.e., Ar and CF 4 ͒, which is consistent with the rate coefficients available in the literature. [23] [24] [25] In relating the fluorescence signal to the CF 2 density, ͓CF 2 ͔, the neutral gas temperature was assumed to be uniform, rotationally and vibrationally equilibrated, and constant for all conditions examined; i.e., we assumed the concentration of the laser-probed states inferred from the fluorescence measurement perfectly tracks the total CF 2 density. We estimate that neglecting the temperature dependence of the fluorescence signal results in a 10%-15% total ͑Ϯ5%-7.5%͒ uncertainty in the CF 2 density over the expected temperature range of 300ϽTϽ400 K for the plasmas examined here. This estimated uncertainty is based on Boltzmann population fraction calculations for the states probed by the 266 nm laser, which indicate that the fluorescence signal will increase with temperature; i.e., for a given CF 2 density the signal will be 10%-15% higher at 400 K than at 300 K.
III. RESULTS AND DISCUSSION
Relative 2D measurements of the CF 2 density distribution were obtained in Ar/CF 4 /O 2 rf discharges over a wide range of pressure, composition, flow rate, and power deposition conditions ͑13.3-133 Pa, 1%-100% CF 4 , 1%-10% O 2 , 5-100 sccm, 3-35 W͒. While the absolute CF 2 density was not determined in these experiments, a recent investigation using a GEC cell 10 reported CF 2 densities of ϳ10 12 -10 13 cm Ϫ3 in CF 4 /CHF 3 plasmas at similar conditions. Generally speaking, in the present experiments, varying the pressure led to significant changes in both the magnitude and spatial distribution of CF 2 density, while varying the composition, flow rate, and power led to pronounced changes in the magnitude with more subtle changes in the spatial distribution of CF 2 density.
As observed in previous GEC cell experiments, 3, 4 significant radial variations in species concentration were observed ͑see, for example, Fig. 2͒ . The peak CF 2 density typically occurs at rϳ3-5 cm, near the edge of the powered electrode. Indeed, in almost all cases, the CF 2 concentration contours appear to attach to the corner of the powered electrode. The increased CF 2 ͑and presumably F͒ concentration near the edge of the powered electrode likely results from an increase in the electron impact production of CF 2 , brought about by an enhanced electric field associated with the sharp external corner 26 of the electrode. This edge effect could potentially be reduced or eliminated by smoothing or reducing the exposure of the sharp corner on the powered electrode. Such edge effects have been recently examined in a different parallel-plate reactor geometry by comparing measured oxide etch rates and modeled ion flux profiles with various powered electrode configurations. 27 For all of the cases examined here, the centerline ͑rϭ0͒ axial distribution of CF 2 density is relatively symmetric, with the peak occurring near the center of the discharge ͑zϳ1 cm͒. This axial distribution largely reflects the CF 2 production profile, which is dominated 28 by the high energy electron impact reaction eϩCF 4 →CF 2 ϩ2Fϩe ͑threshold ϳ13 eV͒. This is evidenced to some extent by the similarity of the present axial CF 2 profiles and previously reported argon emission profiles in Ar/CF 4 discharges at similar conditions, 4 since the argon excitation threshold ͑ϳ13.5 eV͒ and crosssection energy dependence ͑over ϳ12-30 eV͒ are similar to those of the CF 4 electron impact reaction noted above ͑see, for example, Refs. 29 and 30͒. The CF 2 profile is, of course, also affected by diffusion, since CF 2 is a relatively long-lived species, and by destruction mechanisms such as heterogeneous ͑wall recombination͒ and gas-phase recombination reactions. 16 Figure 2 shows contour plots of the spatial distribution of ͓CF 2 ͔ in 75%CF 4 /Ar discharges at 66.7 Pa ͑500 mTorr͒ and a 25 sccm flow rate at the lowest and highest powers examined here, 3.5 and 35 W, respectively. In these and all of the contour plots which follow, the zϭ0 and zϭ2.25 cm locations correspond to the powered and grounded electrodes, respectively. As power is increased over this range, the peak CF 2 concentration increases by more than an order of magnitude, and the edge-to-center concentration ratio increases. This change in radial nonuniformity is illustrated more clearly in Fig. 3͑a͒ , which shows the normalized radial ͓CF 2 ͔ profiles averaged over the lower half of the discharge region adjacent to the powered electrode, i.e., averaged over 0Ͻz Ͻ1.2 cm. As indicated by the standard deviation from the mean, , the radial nonuniformity in ͓CF 2 ͔ increases from 15%-34% as power is increased from 3.5-35 W. Aside from this increase in radial nonuniformity and a slight shift in the axial peak, though, we observe no significant change in the spatial distribution of CF 2 as the power is increased. 3 . ͑a͒ Axially averaged ͑0ϽzϽ1.2 cm͒ radial profiles of CF 2 density and ͑b͒ image-averaged CF 2 concentration as a function of power, determined from PLIF images of 75%CF 4 /Ar discharges at 25 sccm and 66.7 Pa ͑500 mTorr͒. The radial nonuniformity of ͓CF 2 ͔ in ͑a͒, as indicated by the standard deviation from the mean, , is 15%, 27%, and 34% for 3.5, 12, and 35 W cases, respectively. The normalized slope indicated in ͑b͒ denotes that the ͓CF 2 ͔ increases by 7.5ϫ as the power is increased by 10ϫ. Figure 3͑b͒ , which shows the image-averaged ͓CF 2 ͔, illustrates the change in the overall CF 2 concentration as a function of power. The ͓CF 2 ͔ increases in an essentially linear fashion over the power range examined here, with a normalized slope of less than unity, where we define a normalized slope as the ratio of the fractional change in ͓CF 2 ͔ to the fractional change in the parameter varied. The normalized slope of 0.75 denoted in Fig. 3͑b͒ indicates that the ͓CF 2 ͔ increases by 7.5ϫ as the power is increased by 10ϫ. The linear increase in ͓CF 2 ͔ with power we observe is consistent with results reported by Pang and Brueck, 12 who measured the ͓CF 2 ͔ ϳ3 mm above the powered electrode in a different reactor using single-point LIF; however, their measurements showed a more significant rate of increase in ͓CF 2 ͔ with power ͑with a normalized slope as we have defined of ϳ1.3͒.
A. Effect of power

B. Effect of feed gas composition
The effect of feed gas composition on the CF 2 concentration was examined at fixed power, pressure and flow rate ͑20 W, 66.7 Pa, 25 sccm͒ by diluting the CF 4 feed gas with argon, and by adding O 2 to a baseline mixture. In the former cases, the CF 4 concentration was varied from ϳ1%-100%, and, in the latter cases, the mixtures were composed of 75% CF 4 and 1%-10%O 2 with a balance of argon. Figures 4͑a͒-4͑b͒ show representative contour plots of ͓CF 2 ͔ for 75%CF 4 /Ar and 75%CF 4 /10%O 2 /Ar mixtures, which illustrate that varying the feed gas composition has only a modest effect on the spatial distribution of CF 2 .
The effect of feed gas composition on the magnitude of ͓CF 2 ͔ is illustrated in Figs. 5͑a͒-5͑b͒ where the imageaveraged ͓CF 2 ͔ is shown as a function of CF 4 and O 2 percentage, respectively. As the concentration of CF 4 in the feed gas is increased from 1%-100%, the average CF 2 concentration increases linearly by about 2.5ϫ. An increase in CF 2 concentration is expected, because the electron impact production of CF 2 is proportional to the CF 4 feed gas concentration. However, this relatively weak increase in ͓CF 2 ͔ suggests that very little of the CF 4 is dissociated in the pure CF 4 discharge at these conditions. For example, even if all of the CF 4 were dissociated for the most dilute ͑1.2% CF 4 ͒ case, the degree of dissociation for the pure CF 4 case can only be 2%-3%, since the primary fragments in the electron impact dissociation of CF 4 are CF 2 and CF 3 in a ϳ2.5:1 ratio. relatively weak increase in the CF 2 concentration ͑and thus CF 4 dissociation͒ as the argon dilution is decreased may be due to the cooling of the high energy tail in the electron energy distribution and/or a decreased electron number density resulting from additional electron attachment by CF 4 . The effect of the addition of O 2 on the image-averaged ͓CF 2 ͔ in the discharge is shown in Fig. 5͑b͒ . For these cases, the power was held constant at 20 W, and the CF 4 mole fraction and the total flow rate were held constant at 75% and 25 sccm, respectively. Here we observe a reduction in CF 2 density of about 2.5ϫ with 10% O 2 added to the feed gas, which is in good agreement with previous studies. 12, 16 It is well established that the addition of oxygen can substantially reduce the CF 2 concentration, and this trend has been previously attributed to the radical exchange reactions with atomic oxygen, CF 2 ϩO→COFϩF and CF 2 ϩO→COϩ2F.
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With regard to ͓CF 2 ͔ spatial distribution, the various CF 4 /Ar discharge mixtures were very similar, aside from the overall increase in ͓CF 2 ͔ with increased CF 4 concentration in the feed gas. With the addition of oxygen, however, we observed a somewhat larger decrease in ͓CF 2 ͔ near the edge of the discharge as compared to the center, leading to a more uniform radial distribution of CF 2 . These trends are illustrated in Fig. 5͑c͒ , which shows representative axially averaged ͑0ϽzϽ1.2 cm͒ radial profiles of the normalized ͓CF 2 ͔ for several feed gas mixtures; note, for example, ϭ32% and 16% for mixtures with 0% and 10% O 2 , respectively. The larger decrease in ͓CF 2 ͔ near the edge of the discharge ͑com-pared to rϭ0͒ with added oxygen may result, in part, from increased oxidation losses there. Although the rates for the oxidation reactions noted above would be higher near the edge of the electrode simply because the ͓CF 2 ͔ is higher there, the larger fractional decrease in ͓CF 2 ͔ ͑i.e., the decrease in ͓CF 2 ͔ for the cases with added O 2 normalized by ͓CF 2 ͔ for the baseline mixture͒ suggests that the atomic oxygen concentration is larger near the edge of the discharge as well. Such an enhancement in the atomic oxygen concentration near the edge of the discharge may result from an increase in electron impact dissociation of O 2 due to the enhanced electric field there. As discussed below, the more uniform radial distribution with added oxygen may also be due, in part, to more uniform CF 2 production associated with a more resistive plasma bulk.
C. Effect of flow rate or residence time
The effect of flow rate ͑5-100 sccm͒ on the CF 2 density was examined at constant power ͑20 W͒, feed gas composition ͑25% CF 4 /Ar͒, and pressure ͑66.7 Pa͒. In varying the flow rate over 5-100 sccm, the residence time for the gas within the volume between the electrodes was decreased from ϳ1.5 to ϳ0.07 s ͑nominal residence timeϭpressure ϫvolume/flow rate͒. Representative contour plots of the ͓CF 2 ͔ at flow rates of 5, 18, and 100 sccm are shown in Fig.  6 . These different flow rates resulted in relatively minor changes in the spatial distribution of CF 2 as illustrated by the similarity of the contours in Fig. 6 and in the axially averaged ͑0ϽzϽ1.2 cm͒ radial profiles in Fig. 7͑a͒ . For example, the normalized CF 2 density distribution was very similar for flow rates below 25 sccm ͑ϳ21%͒, although at higher flows the edge-to-center uniformity was somewhat worse ͓ϭ39% at 100 sccm, see Fig. 7͑a͔͒ , due to an enhancement in ͓CF 2 ͔ near the edge of the discharge. The better uniformity at the lower flow rates may be due, in part, to enhanced diffusion with respect to convection.
Although the spatial distribution of CF 2 at the various flow rates was not dramatically affected, a significant nonmonotonic variation in the overall concentration was observed. This is evident in Fig. 7͑b͒ , where the imageaveraged ͓CF 2 ͔ is shown as a function of flow rate. At low flow rates ͑high residence time͒, the ͓CF 2 ͔ initially increases with flow rate. Further increases in flow rate ͑shorter residence times͒ result in a subsequent decrease in ͓CF 2 ͔. Because the CF 2 production rate likely remains essentially constant ͑the electron number density and temperature are approximately constant and the CF 4 is largely undissociated͒, these changes in ͓CF 2 ͔ with flow rate suggest a competition among its various loss processes, which include convection, gas-phase recombination, surface losses, and diffusion.
While further modeling and experiments are necessary to be certain, this variation in ͓CF 2 ͔ with flow rate might be explained as follows. At moderately high flow rates ͑i.e., 25 sccm͒ further increases in the flow rate yield a decrease in the accumulation of CF 2 within the discharge, because the dissociation products are convected away more rapidly. As the flow rate is reduced ͑from say 50 sccm͒, initially the ͓CF 2 ͔ increases because of reduced convective losses. While convection becomes less important, the primary CF 2 gasphase recombination reaction, 28 CF 2 ϩFϩM→CF 3 ϩM, becomes somewhat more important since the CF 2 ͑and F͒ concentration increases. The CF 2 surface losses also increase because diffusive transport becomes increasingly important at lower flow rates.
As the flow rate is further reduced ͑below ϳ18 sccm͒, though, the observed decrease in ͓CF 2 ͔ cannot be attributed to increased gas-phase recombination, because that rate only depends on the ͑decreasing͒ CF 2 and F concentration. Furthermore, the observed decrease in ͓CF 2 ͔ below 18 sccm cannot be attributed to the temperature dependence of the fluorescence signal, because we expect the temperature to increase with decreasing flow rate ͑see below͒, which would lead to ͑slightly͒ systematically high ͓CF 2 ͔ measurements at lower flow rates ͑see Sec. II above͒. Consequently, we ͑speculatively͒ attribute the observed decrease in ͓CF 2 ͔ at very low flows to an increased loss due to diffusion, either by surface losses or by transport out of the imaged region. This increase in diffusional losses may result from an increase in the neutral gas temperature and, hence, diffusion coefficient ͑note that the diffusion coefficient ϰT 3/2 ͒. 2 Indeed, an increase in temperature is expected as the flow rate is reduced, because, with constant rf power and a reduced enthalpy efflux, more thermal energy accumulates within the discharge. Such an increase in the contribution of diffusion and surface recombination reactions at low flow rates has been indicated in previous modeling of F-atom concentration in CF 4 /O 2 plasmas.
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D. Effect of pressure
The effect of pressure on the ͓CF 2 ͔ was examined at constant flow rate ͑10 sccm͒, composition ͑75% CF 4 /Ar͒, and power ͑12 W͒, with pressures ranging from 13.3 to 133.3 Pa ͑100-1000 mTorr͒. Representative CF 2 spatial distributions are shown for three pressures in Fig. 8 , and additional cases at 66.7 Pa ͑500 mTorr͒ are shown in figures above ͓e.g., Figs. 2 and 4͑a͔͒. As noted previously, varying the pressure led to significant changes in both the magnitude and spatial distribution of CF 2 density.
Changes in the overall magnitude of ͓CF 2 ͔ are illustrated in Fig. 9͑a͒ . For the conditions examined here, the image averaged ͓CF 2 ͔ increases linearly with pressure with a normalized slope of ϳ0.5, which is to some extent consistent with the results of Pang and Brueck; 12 they, however, observed a larger initial slope in pure CF 4 plasmas as well as a saturated CF 4 concentration above 66.7 Pa ͑500 mTorr͒. The present increase in ͓CF 2 ͔ with pressure can be attributed to FIG. 7 . ͑a͒ Axially averaged ͑0ϽzϽ1.2 cm͒ radial profiles of CF 2 density ͑ϭ22%, 21%, and 39% for 5, 18, 100 sccm, respectively͒ and ͑b͒ imageaveraged CF 2 density as a function of flow rate, determined from PLIF images of 25%CF 4 /Ar discharges at 66.7 Pa ͑500 mTorr͒ and 20 W. increased electron impact production of CF 2 , because both the electron and CF 4 density are expected to increase with pressure. On the other hand, this relative weakness of the increase in ͓CF 2 ͔ ͑and thus CF 4 dissociation͒ with pressure may be due to the cooling of the high energy electron energy distribution at the higher pressures. Figure 9͑b͒ shows the axially averaged radial ͓CF 2 ͔ profiles as a function of pressure. The changes in these profiles with pressure are perhaps the most difficult to interpret, because they result from a complex interaction among the production, transport, and loss mechanisms of CF 2 , including changes in the electron energy distribution, residence time, and rates of diffusion and gas-phase recombination. The understanding of these observed pressure dependent CF 2 distributions would clearly benefit from detailed modeling studies, but there are some interesting trends which are worth noting. For example, the profiles for the 13.3-66.7 Pa cases show a similar character with the peak ͓CF 2 ͔ near the edge of the electrode, while the profile at 133.3 Pa is substantially different, with the peak ͓CF 2 ͔ found closer to the center of the discharge. In varying the pressure, we also observe the largest changes in radial uniformity, with the poorest uniformity at 33.3 Pa ͑ϭ45%͒ and the best at 133.3 Pa ͑ϳ14%͒. This large change in uniformity occurs because as pressure is increased from 13.3 to 33.3 Pa, the ͓CF 2 ͔ primarily increases near the edge of the discharge, while as pressure is increased from 33.3 to 133.3 Pa, the ͓CF 2 ͔ increases more substantially near the center of the discharge. As discussed below, a significant change in the plasma impedance is also observed over this pressure range, with the plasma becoming more resistive at higher pressures.
E. Electrical measurements
In addition to the ͓CF 2 ͔ measurements, voltage and current wave forms were measured near the base of the powered electrode to characterize the discharge and permit comparisons to model calculations and future experimental studies. Table I shows a compilation of the electrical measurement results, including the peak-to-peak amplitudes of the powered electrode voltage ͑V pe ͒ and current ͑I pe ͒ wave forms corrected for cell parasitics, the relative phase ͑͒ between the corrected voltage and current wave forms, the dc selfbias voltage ͑V dc ͒, and the power delivered to the plasma. As noted above, these data are derived from a Fourier analysis of the measured electrical wave forms using an equivalent circuit model of the GEC cell and the external circuitry. 20 In comparing these electrical data to the CF 2 measurements detailed above, we observe that the cases with the most uniform radial distribution of CF 2 correspond to cases with the most resistive plasma impedances, i.e., the cases in which is closest to 0°. In particular, these include the cases with the lowest power ͑3.5 W͒, highest pressure ͑133.3 Pa͒, and highest O 2 concentration ͑10%͒. For these cases, ranges from Ϫ43 to Ϫ49°compared to the other cases where ranges from Ϫ57 to Ϫ73°. The increased uniformity for the more resistive cases may result from an increase in the production of CF 2 within the plasma bulk, compared to the production near the powered electrode sheath. This assertion is also supported by axial (rϭ0) profiles of the plasma emis- FIG. 9 . ͑a͒ Image-averaged CF 2 density as a function of pressure in 75%CF 4 /Ar, 10 sccm, 12 W discharges and ͑b͒ axially averaged (0 Ͻ z Ͻ 1.2 cm͒ radial profiles of CF 2 density ͑ϭ22%, 45%, 21%, and 14% for 13.3, 33.3, 66.7, and 133.3 Pa, respectively͒. The normalized slope indicated in ͑a͒ denotes that the ͓CF 2 ͔ increases by 5ϫ as the pressure is increased by 10ϫ.
TABLE I. Summary of plasma electrical measurements, including the peakto-peak amplitudes of the as-measured voltage wave form ͑V rf ͒, the corrected fundamental peak-to-peak amplitudes of the voltage ͑V pe ͒ and current ͑I pe ͒ wave forms at the powered electrode, the phase difference between V pe and I pe , the dc self-bias voltage ͑V dc ͒, and the power deposited to the plasma. sion images ͑not shown here͒ which show an enhancement of excitation within the bulk, relative to the powered sheath region.
As one might anticipate, we also find that the cases which show largest changes in the CF 2 spatial distribution also show the largest changes in I pe and , and to a lesser extent V dc and V pe . For example, increasing the pressure from 66.7 to 133.3 Pa showed one of the largest relative changes in the electrical measurements ͑I pe decreased 20%, increased 32%͒ and also showed the largest change in CF 2 spatial distribution ͑see Fig. 9͒ . In addition, increasing the power from 3.5 to 35 W showed a large change in the electrical measurements ͑I pe increased by 5ϫ, decreased by 44%͒, a sevenfold increase in CF 2 density, and moderate changes in the CF 2 spatial distribution. In contrast, varying the CF 2 concentration from 5%-100% and varying the flowrate from 5-100 sccm led to very little change in either the electrical measurements or the CF 2 spatial distribution.
IV. CONCLUDING REMARKS
In this experimental study, we have used planar laserinduced fluorescence imaging to measure spatially resolved 2D maps of CF 2 density in low-pressure rf Ar/CF 4 /O 2 discharges generated within a GEC reference cell. In general, we found that varying the pressure led to significant changes in both the magnitude and spatial distribution of CF 2 density, while varying the composition, flow rate, and power primarily only affected the magnitude of the CF 2 density, with more subtle changes in the spatial distribution. Typically, the centerline ͑rϭ0͒ axial CF 2 distribution was symmetric with the local peak occurring near the center of the electrode gap, but, in all cases, significant radial variations in CF 2 density were observed ͑14рр45%͒ with the peak density occurring near the edge of the discharge region. The most uniform radial distributions were observed for the cases with the lowest power ͑3.5 W͒, highest pressure ͑133.3 Pa͒ and highest O 2 concentration ͑10%͒, which, based on the accompanying electrical measurements, were the cases with the most resistive plasma impedances.
Based on plots of the image-averaged CF 2 concentration, for the conditions examined here, the CF 2 density increased linearly with power and CF 4 mole fraction in Ar/CF 4 discharges; the dissociation fraction in mildly diluted CF 4 discharges was less than a few percent; and the CF 2 density decreased substantially with the addition of oxygen. In addition, the CF 2 density was also found to vary nonmonotonically with flow rate, which we attributed to changes in the various loss rates for CF 2 , including increased convective losses at high flows and increased diffusive losses at low flow rates.
